The "optimum offset" shallow seismic reflection technique was developed for geotechnical and groundwater applications in the early 1980s. The method was based on equipment that was "state of the art" at the time: a 10-bit engineering seismograph, a simple inhole shotgun source, and Apple II personal computers for data processing.
INTRODUCTION
Despite some earlier attempts to develop an effective shallow seismic reflection system (e.g., Meidav, 1969; Mooney, 1973) , the application of seismic reflection methods to shallow hydrogeological and geotechnical problems did not become technically or economically viable until the 1980s. In the early 1980s, technological advancements in engineering seismographs and personal computer technology allowed a significant reduction in data acquisition and processing costs, and made it possible to record and process high frequency reflection data using relatively inexpensive, commercially available equipment. The "optimum window" and "optimum offset" techniques were simple applications of the seismic reflection method developed and tested by the Geological Survey of Canada (GSC) at that time (Hunter et al., 1982 (Hunter et al., , 1984 possible to use such simple methods to obtain much useful information on shallow subsurface structure in areas favorable to the application of shallow seismic reflection methods.
In 1985, funding from the International Development Research Centre (IDRC) of Canada allowed the GSC, in conjunction with the Asian Institute of Technology in Bangkok, to embark on a program to evaluate the application of highresolution shallow seismic reflection techniques to the land subsidence problem of Bangkok, Thailand (Whiteley et al., 1986) . The subsidence is attributed to excessive groundwater pumping from shallow aquifers in the area, but the design and implementation of remedial measures has been hampered by a poor understanding of the subsurface stratigraphy and hydraulic connection of aquifers, both vertically and laterally. In this paper, we present some of the results of this pilot study that was conducted in short field programs in 1985 and 1986. These results have been submitted to this Special Issue for their historical value and to highlight the subsidence problem that affects a number of the world's major cities.
THE BANGKOK SUBSIDENCE PROBLEM
Some of the world's largest cities, including Venice, Houston, New Orleans, Tokyo, Shanghai, Dakar, Mexico City, and Bangkok, are sinking-often at alarming rates of up to 10-15 cm/year. The major cause of the land subsidence is excessive pumping of groundwater. Most of the affected cities are sited on soft clay, silt, and sand, which compacts easily when large quantities of water are withdrawn. Although the subsidence may have been continuing for centuries, the problem has worsened recently as expansion and development places greater demands on available water resources. For those cities located in coastal areas, the sinking has been compounded by a global rise in sea level of 10 cm or more per century, further increasing the risk of flooding.
Bangkok, the capital of Thailand, has a population of more than 6 million. It is located near the southern margin of the Lower Central Plain of Thailand, also known as the Lower Chao Phraya Basin, after the major river which bisects the city (Figure 1 ). The surface elevation of the area is within a meter or two of mean sea level (Figure 2 ). The Lower Central Plain is a complex block basin, filled with alluvial and deltaic sediments which may exceed 1000 m in thickness (Nutalaya and Rau, 1981) . The topmost unit of this sequence is a soft, Holocene marine clay 15-25 m thick, known as the Bangkok Clay (Rau and Nutalaya, 1983) , which extends more than 60 km inland to Ayutthaya (Figure 1 ).
Beneath the Bangkok Clay, the Thai Department of Mineral Resources has identified up to nine sand/gravel aquifers, separated by impermeable clays, within the upper 550 m of sediments (Nutalaya et al., 1985) . However, the lateral extent and hydraulic connection between these aquifers is not well understood. Over 10 000 wells draw more than 1.3 million m 3 of groundwater per day from the aquifers within 200 m of the ground surface. The resulting compaction of sediments within this upper 200 m accounts for 95% of the total subsidence occurring in Bangkok, and it is estimated that over 40% of the subsidence can be accounted for by dewatering of the Bangkok Clay (Nutalaya and Rau, 1981; Nutalaya et al., 1985) .
The rate of subsidence has been averaging 5-10 cm per year (Figures 2b and 3) . The subsidence has exacerbated seasonal flooding, which affects Bangkok for several months a year despite extensive flood control works (Figures 2a and 4) . In 1983, Bangkok was flooded for more than three months (Figure 2a) , with damages estimated at US$240 million (Rau, 1985) . The city also was severely flooded in 1995 and 1996. Figure 2c shows the surface elevation in the Bangkok area in 1993, the most recent available data. Comparison of this with the 1983 situation ( Figure 2a) illustrates that subsidence is occurring at an alarming rate and expanding to the north as urban development extends in that direction. In the center of the subsidence bowl, surface elevations have dropped by more than 160 cm since the early 1950s, when large-scale use of groundwater resources began, and are now below mean sea level. If subsidence continues unabated, most of the city will be below mean sea level by the year 2000. In addition to the flooding problems, subsidence also has an enormous and expensive impact on infrastructure, causing cracking of buildings, buckling of streets and footpaths ( Figure 5 ), and disruption of underground utilities (Nutalaya et al., 1985) .
DATA ACQUISITION SYSTEM CIRCA 1985
The data acquisition system used in Thailand in 1985 and 1986 consisted of an engineering seismograph, seismic source,
Maps illustrating the severity of the subsidence problem in the Bangkok area: (a) 1983 surface elevations (in meters above sea level) and the extent of severe flooding in the city of Bangkok; (b) estimated subsidence rates (in centimeters/year) in the Bangkok area as of 1983 (from Rau, 1985) ; (c) 1993 surface elevations (in meters above sea level); (d) estimates of total amounts of subsidence to 1993. geophone cable and 12 geophones, and personal computer for data processing. These elements were state-of-the-art at the time, and were available for US$60,000. Today, the seismograph and computing system typically would be replaced by much more powerful systems for essentially the same cost.
The data were acquired with a 12-channel Nimbus 1210F engineering seismograph manufactured by EG&G Geometrics. This 10-bit instrument fortuitously incorporated low-cut analog filters in its design, which made it possible to record highfrequency reflection data despite the limited dynamic range available. The digital seismic data were stored in the field on minicassette tapes using a Geometrics G724S tape recorder. The high cost of recording data on these tapes (approximately $2-3 per 12-channel record) was one of the driving forces in the development of the "optimum offset" method ( Figure 6 ). This method requires the recording of a minimum of data, usually only two records per spread of 12 geophones (Hunter et al., 1984; Pullan and Hunter, 1990) .
The seismic source was a portable inhole shotgun constructed from galvanized water pipe, which fired 12-gauge shotgun FIG. 3. Protruding groundwater well head in Bangkok. The concrete slab in the center of the picture was at ground level in 1972 and 1.1 m above it in 1984, implying an average subsidence rate of almost 10 cm/year at this site (from Nutalaya et al., 1985) . Almost all wells in Bangkok that are more than 10 years old protrude above the ground surface, providing direct evidence of recent subsidence.
FIG. 4. Subsidence has exacerbated the flooding problem in
Bangkok by decreasing the efficiency of the canal drainage system. A combination of heavy rainfall and high river discharge in 1983 resulted in the city being flooded by 0.5-0.8 m of water for more than three months. The policeman in this photo is ready to help stranded motorists by spraying water repellant onto ignition wires.
FIG.
5. Example of common structural damage related to ground subsidence in Bangkok. Buildings founded on deep pilings settle at a lower rate than adjacent streets and sidewalks, resulting in cracks and fractures in the sidewalks and gradual exposure of the building foundation. slugs or blanks (Pullan and MacAulay, 1987) . This source was deployed in shallow (1-m) auger holes or simply pushed into the soft soil. Today, variations on this "buffalo gun" source are still used widely and compare favorably with other sources (Miller et al., 1986 (Miller et al., , 1992 (Miller et al., , 1994 . Single vertical 50-or 100-Hz geophones, typically deployed at 3-5 m intervals, were planted in the bottom of ditches alongside roads or fields; often these ditches were water-filled. Groups of geophones were not used because of the possible deterioration of high-frequency signals in the summing process.
Data processing was carried out on an Apple II+ personal computer, arguably the world's first popular home computer. This machine had only 64K of memory, two external floppy disk drives reading low density 5-1/4 inch diskettes, no internal hard drive, and a low-resolution monochrome monitor. However, for the first time, relatively inexpensive desktop computing power was available. Data handling and processing was a very slow process by today's standards, despite the minimal processing involved. It was common for several Apples to be used simultaneously for the various processing stages. Processing involved the application of static corrections (usually applied by aligning first arrivals on the optimum offset records), digital filtering, and gain control (Pullan and Hunter, 1990) . Preliminary sections could be produced in the evening from the data acquired in the field that day. The processing software was developed by GSC (Norminton and Pullan, 1986) , and later commercialized. Processed seismic sections were plotted on a dot matrix printer in the field, with final sections plotted on a flatbed plotter after the field survey was completed.
FIG. 6. Field setup (top) and resulting schematic optimum offset section (bottom). The optimum offset traces were produced by shooting first from S1 (source position 1) and recording the output from R1 (receiver 1), then from S2 to R2, and finally from S3 to R3.
Correct application of the optimum offset method requires that an "optimum window" be found on the seismogram, in which wide-angle reflections over the depth of interest are observable without distortion or interference from ground roll. Within this window, a particular source-geophone offset (the "optimum offset") is selected and maintained throughout the survey (Hunter et al., 1984; Pullan and Hunter, 1990) . Optimum offset data are collected by recording the output of one geophone at a time, maintaining the selected source-receiver offset (Figure 6 ). With a 12-channel engineering seismograph, this means shooting into each channel in turn and then freezing the digital memory of that channel. After 12 channels have been recorded, the geophone spread is reset end-on to the previous spread to achieve 100% subsurface coverage. Although this simple seismic reflection technique is crude by today's standards, it allowed shallow reflection data to be acquired and processed for about US$2000 per line-kilometer (in 1986 dollars), compared to about US$10,000 per line-kilometer for high-resolution reflection dynamite surveys in the coal industry at about the same time (Harmon, 1981) .
THAILAND SHALLOW REFLECTION SURVEY
The objective of the seismic reflection study in Thailand was to map the shallow aquifer sequence beneath the Bangkok Clay. The survey was carried out in an area where reliable borehole information was available to aid in the interpretation of the seismic profiles. The study area was close to the campus of the Asian Institute of Technology (AIT), about 40 km north of central Bangkok (Figure 1 ). The locations of available boreholes and the seismic lines surveyed are shown in Figure 7 .
The survey parameters were determined after initial experimentation in the area. The Bangkok Clay proved to be an excellent medium for high-resolution seismic surveying, and very little interference from ground roll was apparent, allowing reflections with up to 200 ms two-way traveltime (∼150 m below surface) to be observed with a relatively small sourcereceiver offset. It was established by trial shooting that a 5-m geophone interval with a single 100-Hz geophone per trace and an "optimum" or common offset of 30 m produced the desired combination of high-quality shallow reflection data and reasonable line coverage. Information for velocity analyses was obtained by recording a 12-channel record with a 15-m source offset for each 12-channel geophone spread (i.e., every 60 m along the survey line). Record lengths were typically 200 ms, corresponding to a sample interval of 0.2 ms. One line (Bangkhan line) was acquired with a longer record length (500 ms; 0.5-ms sampling interval) and a source-receiver offset of 45 m, in order to image subsurface structure to depths of ∼250 m.
The inhole shotgun source was detonated in a water-filled hole, usually by simply pushing the pipe into the soft wet clay in irrigation ditches or waterways (klongs). Depending on crew size, two or more guns were used to optimize the speed and safety of field operations. When two guns are in operation, only one firing rod is used, ensuring that the shooter must remove the firing rod from the gun before passing it to the loader and moving on to shoot the next shot in a gun already loaded and safely planted in the ground. Wherever possible, the geophones (in marsh cases) were also deployed in the bottom of water-filled klongs. Ample reflection energy above 300 Hz was transmitted through the ground in this environment. This meant that, in addition to the use of high-frequency geophones, a 300-Hz low-cut analog filter on the seismograph could be applied to reduce the amplitudes of the low-frequency components of the signal and maximize the recorded dynamic range of the higher frequency signals.
Much of the survey area was dry rice paddy with little surface relief and long grass. Unfortunately, this area of Thailand has a large population of highly venomous cobras that presented a real hazard to field operations. The snakes are very aggressive in the dry season and unlikely to welcome a shallow reflection seismic crew invading their territory. We estimate that we encountered 0.5 cobras per line-kilometer of survey work. It was recommended that field operations be completed as rapidly as possible and that the planting of geophones ahead of the shooting crew be accompanied by a cacophony of noise! Optimum offset reflection profiling was carried out along five lines totaling 8.3 line-km (Figure 7) . The choice of these survey lines was governed by the boreholes available for ground truth and ease of access. The data presented in this paper are the three short east-west lines that were surveyed: the AIT line, which was completed within the AIT campus; line 200; and the Bangkhan line (Figure 7 ).
PROCESSING AND VELOCITY ANALYSIS
The important processing steps in the optimum offset method are the application of static corrections, filtering, and automatic gain control (AGC) to the optimum offset records, and velocity analyses of the multichannel records to allow the calculation of a depth scale for the final optimum offset section (Pullan and Hunter, 1990) .
The optimum offset data required only minor static corrections, as elevation changes and near-surface lateral velocity variations along these seismic lines were relatively small. The static corrections were achieved by aligning the first arrivals on the optimum offset data. Where the water table is close to the surface, the first arrivals correspond to seismic energy that has been refracted from this interface. In this particular case, where the source and geophones were often planted in water-filled ditches, there is no low-velocity surface layer, and the seismic sections have been corrected to a datum that is effectively the ground surface. The only other data processing that has been applied to these sections is a 100-350 Hz digital bandpass filter and an automatic gain control (window length = 40 ms).
Velocity analyses were performed on expanding spread data from line 200 to determine the traveltime-to-depth conversion to be applied to the seismic sections. All reflections observed on all the seismic records obtained on this line were manually picked. Least-squares fitting of the traveltime and offset distance data provided intercept-time and average velocity estimates. Figure 8a shows the resulting data with one standard deviation error (67% confidence) limits. This plot shows that the average velocity of the near-surface sediments (to intercept times of 40 ms) is approximately 1500 m/s; from 40-80 ms, the average velocity increases to 1700 m/s.
As a result of the nonzero offset distance used in optimum offset surveying, and the nonconstant velocity-depth function, the final seismic sections do not have a linear depth scale. Figure 8b shows the two-way traveltime versus depth relationship computed from the velocity-time function in Figure 8a for a source-geophone offset of 30 m. With a 30-m offset, the depth scale is only severely nonlinear between 0 and 15 m. This depth range will be compressed on the seismic sections, and shallow structures will be subdued. However, for this survey, the zone of interest is effectively below 30 m depth, where the depth scale is approximately linear.
RESULTS AND INTERPRETATION
All the optimum offset shallow reflection sections obtained as part of this study detected a series of coherent, subhorizontal, continuous to semicontinuous reflections from within the sediments below the Bangkok Clay to 200-300 ms two-way traveltime. The following sections discuss the seismic data obtained along the three short east-west lines that were surveyed (Figure 7 ), as these show the essential subsurface features observed on all the lines surveyed. Figure 9 shows the seismic reflection profile obtained on a playing field close to a pumping well that supplies water to the AIT campus. The lithological log from this well is also shown in the figure at its approximate location in relation to the seismic line. Coherent reflections can be observed on this seismic section to at least 220 ms two-way traveltime. Generally speaking, the section delineates a horizontal to subhorizontal subsurface stratigraphy. Some of the stronger reflections are clearly continuous across the 400 m of line surveyed; other reflections exhibit considerable lateral variability in amplitude and coherency. The signal-to-noise ratio decreases with increasing traveltime and is fairly low at 200 ms, though coherent reflection energy from that depth is still evident. There is also a slight decrease in signal quality between 60 and 120 m from the east end of the 9 . The 400-m-long optimum offset seismic section obtained on a playing field on the AIT campus, along with the geological log from a water well close to the west end of the line. This section delineates a subhorizontal subsurface stratigraphy, and shows that reflections are associated with contrasts between coarse-and fine-grained lithologies.
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profile, which is attributed to a change in surface conditions resulting in poorer coupling of source and/or receivers to the ground.
The upper unit observed on the seismic section is a lowamplitude zone approximately 40 m thick. This zone is described in the borehole log as clay, and likely includes both the soft marine Bangkok Clay and an underlying stiff clay of variable thickness deposited in a fan/delta environment (Rau and Nutalaya, 1983) . The unconformity between these units is too shallow to be observed on these sections. A few low-amplitude reflections (A) delineate some depositional structure within the near-surface clays. Reflection B is interpreted to correspond to the top of the sand unit logged in the borehole; the variable nature of this reflection across 400 m of section suggests that the sand unit is not continuous over a large area and may be a lenticular or channel deposit. Other nearby shallow boreholes do not identify a coarse layer in this depth range, supporting the seismic interpretation of lateral variability. This reflection may represent the top of the upper or first aquifer, which has been pumped in the Bangkok area for up to 60 years for domestic supply. The fact that this aquifer is dry in many areas is likely related to the variable nature of the deposit. A sequence of discontinuous reflectors (C) near 60 m depth may be additional lenticular sand or gravel lenses within a clayey matrix.
Between 85 and 105 m depth, a seismic unit bounded by coherent, continuous, horizontal reflections (D) correlates with a 20-m-thick coarse-grained layer in the borehole. This is the so-called second aquifer from which industrial water is pumped in the surrounding area. The seismic section shows this unit to FIG. 10. Optimum offset section (∼1 km long) from line 200, with two borehole logs for reference (note that these boreholes are both ∼2 km offline). These data were acquired with the source and geophones planted in the bottom of a water-filled klong (canal), and the water-saturated surface conditions have contributed to the high frequency of the recorded data.
be laterally continuous and of constant thickness at the AIT survey site.
As shown in Figure 9 , the well screens from which water is withdrawn for AIT's use are set in deeper aquifers at about 150 and 175 m depth. Only relatively weak reflections (E) are associated with the sand and gravel zones noted in the borehole at 135-155 m depth, but the upper and lower surfaces of the deeper gravel zone (160-170 m depth) are clearly delineated by coherent flat-lying reflections (F).
Line 200
Line 200 is a 1-km east-west line located 4 km south-east of the AIT line (Figure 7 ). The seismic section is shown in Figure 10 , along with two borehole logs from wells located approximately 2 km north of the line. The large distance between the boreholes and the survey line means that these logs can be used only as a very general guide in the interpretation of the seismic data. The data were acquired on line 200 by shooting the inhole shotgun source in the bottom of a klong (water-filled canal). The completely water-saturated surface conditions resulted in the recording of slightly higher frequency data than on the AIT campus (dominant reflection frequency of 250 Hz, compared to 200 Hz in Figure 9 ), with a very consistent signalto-noise ratio along the entire line.
This section shows more apparent near-surface (0-50 m) structure than the AIT line. This may be partly related to the higher frequency data and partly due to a slightly coarser grained lithology in this area (logs from wells A and B suggest that the upper 50 m of sediments contain more coarse-grained material than the shallow sediments in the AIT area). The reflections observed in the upper 70 ms are a series of discontinuous, subhorizontal events (A) that are perhaps suggestive of cut-and-fill structures.
At about 60 m depth, a reflection (B), indicating a slightly irregular surface, is interpreted to be the top of coarse-grained layer (indicated as a sand unit in well B), which is likely the first aquifer in this area. Below this surface, larger amplitude reflections (C) at 80-90 m depth show some structure associated perhaps with a large channel cut. The borehole logs indicate that the sediments are becoming sandier at these depths.
Coherent, flat-lying, continuous reflections at ∼100 and 110 m depth (D) are interpreted to represent the sands and gravels associated with the second aquifer (indicated by the well screen positions in the two boreholes). This is underlain by several other flat-lying, semicontinuous reflections in the 130-180 m zone (e.g., E and F), which are interpreted to represent deeper coarse-grained sequences. These layers do not appear to be as continuous in extent or character as the reflections associated with the second aquifer, but this may be partly caused by the decrease in signal strength with depth.
Bangkhan line
The Bangkhan line is another 1 km east-west line located just west of the town of Bangkhan about 2 km south of AIT (Figure 7) . The common offset data on this line were acquired with a 45-m source-receiver separation and a record length of 500 ms, in order to evaluate whether this technique could be used to examine structure below 150 m depth. Figure 11 shows the upper 350 ms of the record, together with the AIT borehole log for reference. Note that the borehole is located figure  (Figure 7) , and again the log should only be used as a very general guide for interpretation. These data were acquired by planting the source and geophones in a deep, grass-filled ditch. The dominant frequency is lower than that obtained when shooting in waterfilled ditches or canals (Figure 10) , and the signal strength also is reduced. Some deterioration in data quality observed along sections of the line (e.g., just west of center of Figure 11 ) is attributed to variations in surface conditions.
A shallow channel feature (AA) can be observed 100 m east of the center of the section (Figure 11 ). This structure is at the limits of shallow resolution for the acquisition geometry used in this survey. The channel is approximately 100 m wide, and is estimated to be perhaps 5-10 m deep and 15-20 m below surface. Such shallow depths are very poorly defined because of the nonzero offset used to collect these data (e.g., Figure 8 shows the time-depth relationship for an offset of 30 m).
The upper 100 ms of this section exhibit a blind or transparent character (very low reflection energy), which is interpreted to indicate a predominantly fine-grained (clayey) section. Some very low-amplitude coherent reflections can be observed (especially on the eastern half of the line where the signal-to-noise ratio is highest), and these are interpreted to result from minor changes in lithology (silt/sand layers?). However, it is interesting to note that this section does not show the stronger reflection signals (B and C) that have been associated with coarser grained layers above the so-called second aquifer on the two previous sections.
A large amplitude reflection across the eastern half of the section at 110 ms (D) marks the transition to an underlying sequence of coherent, relatively flat-lying reflections, interpreted to be a sequence of alternating coarse and finer grained lithologies (D-G) continuing to depths of at least 250 m (limit of signal penetration of this section). This reflection (D) likely represents the top of the second aquifer, occurring at a slightly shallower depth here (80 m) than at AIT (85 m). Just west of the center of the survey line, a deep channel (∼20 m deep) has been cut into this sequence (DD). The channel appears to be infilled with the fine-grained sediments of the overlying unit. Diffraction events are observed near its edges. This feature also has affected the quality of the reflections beneath it. Thus, in this area, the second aquifer may have been truncated by this channel erosion and infilling.
The relatively continuous flat-lying reflection observed at about 150 m (F) is interpreted to be a gravel aquifer based on the correlation with the coarse-grained layers that produce water in the AIT borehole. Beneath these are deeper reflections which are not necessarily continuous but may be associated with coarse sediment layers.
DISCUSSION
This optimum offset shallow reflection seismic study demonstrated that it is possible to map the subsurface structure of thick, unconsolidated sedimentary sequences in the Chao Phraya Basin of Thailand with a relatively low-cost system. The fine-grained, water-saturated surface sediments provided an excellent environment for the production of high-frequency seismic signals. The results of such surveys can provide information on the structure and lateral continuity of subsurface aquifers in the region, which is critical in addressing the major urban geological problem of land subsidence in Bangkok.
This survey consisted of a few line-kilometers of seismic profiles in a limited area. The regional information that is needed to address the Bangkok subsidence problem would require much more extensive surveying. However, the seismic sections obtained in this study do allow a few observations to be made. The data suggest that the first aquifer at about 30-60 m depth is not very continuous in the survey area. In contrast, the second aquifer at 90-130 m consistently produced coherent, continuous, relatively flat-lying reflections, and was an excellent marker horizon. This aquifer is probably hydraulically connected over much of the area surveyed. The deeper third aquifer in the 150-180 m depth range also appears to be relatively continuous over the survey area. The reflections associated with it are generally lower in signal strength, but appear to exhibit features suggesting possible lensing and pinch-outs. Consequently it may not be hydraulically connected over a significant area.
Though the instrumentation and data acquisition method used would now be considered outdated, this case history demonstrates that even single-fold data can sometimes be sufficient to solve engineering problems. Today, common offset gathers, when used carefully, are still a useful tool for assessing reflection quality and providing initial shallow reflection information, but with the greatly enhanced capabilities of engineering seismographs and personal computers, it is standard practice to collect and process multifold shallow reflection data. It is suggested that seismic reflection surveys should be considered for other cities where subsidence caused by the dewatering of shallow sediments is of critical concern.
